The freshwater mussels Prisodontopsis aviculaeformis (F.R. Woodward, 1991) and Mweruella mweruensis (E.A. Smith, 1908) are endemic to Lake Mweru and confluent rivers in Zambia and the Democratic Republic of Congo in southcentral Africa. Each species has traditionally been regarded as monotypic at the genus-level or above. We assessed the phylogenetic relationships of these two species together with species of Coelatura, Nitia and three outgroup species (35 terminals representing 11 species in total) using two gene fragments, 28S nuclear rDNA and cytochrome oxidase subunit I mtDNA. Maximum parsimony, maximum likelihood and Bayesian inference provided strong support for a sister relationship between P. aviculaeformis and M. mweruensis as well as evidence of incomplete lineage sorting or introgression between them. This Lake Mweru clade was resolved as sister to a clade composed of Coelatura choziensis (Preston, 1910) and C. luapulaensis (Preston, 1913) from Lake Bangweulu and the adjacent Chambeshi River. These four species from the Zambian Congo were nested within a paraphyletic Coelatura Conrad, 1853. We advocate placing Mweruella Haas, 1936 as a subjective junior synonym of Prisodontopsis Tomlin, 1928, while maintaining Coelatura as paraphyletic until a more comprehensive phylogeny is available. We hypothesize that the endemic freshwater mussels of Lake Mweru in the Zambian Congo evolved within the lake during the Quaternary from an ancestor originating in the Chambeshi River following stream capture from the Zambezi Basin.
INTRODUCTION
Mweruella mweruensis (E.A. Smith, 1908) and Prisodontopsis aviculaeformis (F.R. Woodward, 1991) are two freshwater mussel species (Unionoida: Unionidae) endemic to the vicinity of Lake Mweru in southeastern Democratic Republic of Congo (DRC) and northern Zambia (Figs 1 and 2 ). These taxa have been the subjects of recent taxonomic reviews (Daget, 1998) and conservation assessments (Seddon et al., 2011) , but their phylogenetic relationships have not been addressed in detail. The recent Sub-Saharan Afrotropical freshwater mussel fauna is composed of 78 species in 16 genera, divided among the Etheriidae, Iridinidae and Unionidae (Graf & Cummings, 2007 , 2011 . The current classification of the African mussels is largely a consensus of traditional precladistic arrangements (e.g. Modell, 1964; Pain & Woodward, 1968; Starobogatov, 1970; Mandahl-Barth, 1988; Daget, 1998) . The Etheriidae (1 sp.) and Iridinidae (40 spp.) are Gondwanan relicts while the Unionidae (37 spp.) is BMNH 1907.11.11.33 , lectotype of Unio mweruensis E.A. Smith, 1908 . Type locality: Lake Mweru. B. UMMZ 304378, M. mweruensis-Fu (M Clade, Fig. 3 ). C. UMMZ 304378, M. mweruensis-Jx (P Clade). D. BMNH 1893.8.23.100, figured syntype Unio (Metaptera) johnstoni E.A. Smith, 1893 non Etheridge, 1881. Type locality: Lake Mweru. E. UMMZ 304379, P. aviculaeformis-Hz (P Clade). F. UMMZ 304379, P. aviculaeformis-Jaa (M Clade). Scale bar: 1 cm.
Although dwarfed by nearby Lake Tanganyika, Mweru is a large shallow lake with a surface area of 4413 km 2 , an average depth of 3 m and a maximum depth of 37 m (Hughes & Hughes, 1992; Skelton, Symoens & Chabwela, 2005 ). Mweru's principle input at its southern end is the Luapula River, connecting Mweru to Lake Bangweulu and the Chambeshi River in northern Zambia (Fig. 2) . The Luvua River has its head at Mweru's northern end, flowing to the Lualaba River and then to the Congo River. The Congo catchment above and including Lake Mweru is regarded as the Zambian Congo or the Bangweulu-Mweru freshwater ecoregion (Thieme et al., 2005; Abell et al., 2008) . The area is a hotspot of endemic molluscan richness, including 24 gastropod species and 16 bivalves (Graf & Cummings, 2011) . Simpson (1900) erected the genus Pseudavicula for Unio (Metaptera) johnstoni E.A. Smith, 1893 (Fig. 1 ), but the generic name was preoccupied by Hudleston's (1890) earlier usage in the Oxytomidae (Bivalvia: Pectinoida). Tomlin (1928) renamed the genus, and Prisodontopsis johnstoni was in common usage until F.R. Woodward (1991) discovered that Unio johnstoni was preoccupied by an Australasian fossil species of Etheridge (1881) . The current name for this species is Prisodontopsis aviculaeformis F.R. Woodward, 1991 (Graf & Cummings, 2007 . Pain & Woodward (1968) classified this species in a monotypic subfamily.
Unio mweruensis was also described by E.A. Smith (1908) (Fig. 1) . Haas (1936) created the monotypic subgenus Coelatura (Mweruella) and the species has been variously placed in Parreysia Conrad, 1853 (Simpson, 1914; Pilsbry & Bequaert, 1927) , Coelatura Conrad, 1853 (often misspelled Caelatura) (Haas, 1936 (Haas, , 1969a Mandahl-Barth, 1968 , 1988 and Mweruella (Modell, 1964; Pain & Woodward, 1968; Starobogatov, 1970; Daget, 1998; Graf & Cummings, 2007) . Mandahl-Barth (1988) listed three subjective synonyms under M. mweruensis, but the taxonomic status of those nominal species has not been reassessed subsequently. The anatomy was described by Pain & Woodward (1968) and they regarded this species as the sole representative of a monotypic subfamily. (Table 1) : 1, Cairo, Egypt; 2, Livingstone, Zambia; 3, Malebo Pool, Congo; 4, Samfya, Zambia; 5, Kalungu River, Zambia; 6, Mbesuma Ranch, Zambia; 7, Kamanda Island; 8, Kashikishi, Zambia. Hash marks indicate the locations of waterfalls discussed in the text.
The current taxonomy of Mweruella and Prisodontopsis persists from the precladistic era, and we regard this arrangement as a phylogenetic hypothesis to be tested. Although the original authors may not have been thinking in terms of monophyly and sister relationships, assuming so provides a useful null model. The objective of this study was to apply molecular phylogenetic methods to test the traditional hypotheses that M. mweruensis and P. aviculaeformis each represent monotypic lineages, distinct from other African freshwater mussel genera. What are the relationships of Mweruella and Prisodontopsis to each other and to other African unionid lineages? And, what were the mode and tempo of their evolution?
MATERIAL AND METHODS

Taxon sampling
We sampled representatives of Mweruella and Prisodontopsis as well as Coelatura and Nitia. Table 1 lists voucher specimens and collecting events for the ingroup taxa. The locations of sampling sites are shown in Figure 2 . The outgroup consisted of Parreysia tavoyensis (Gould, 1843) (from Burma), Unio pictorum (L., 1758) and Margaritifera margaritifera (L., 1758) (both from Europe). Ingroup specimens were identified by the authors and outgroup data consist of previously published sequences (Graf & Ó Foighil, 2000a,b; Whelan et al., 2011) .
Character sampling
Fragments of mitochondrial cytochrome oxidase subunit I (COI) and the nuclear large ribosomal subunit (28S) were sampled for phylogenetic analysis. All sequences were generated using standard polymerase chain reaction and dye-terminator sequencing methods as described by Graf & Ó Foighil (2000a,b) . The same primers were used for amplification and sequencing. Primers for COI were LCO1490 5 0 -ggtcaacaaatca taaagatattgg-3 0 and HCO2198 5 0 -taaacttcagggtgaccaaaaaatca-3 0 or HCO700dy2 5 0 -tcagggtgaccaaaaaayca-3 0 (Folmer et al., 1994; Walker et al., 2006) . Primers for domain 2 of 28S were D23F 5 0 -gagagttcaagagtacgtg-3 0 and D4RB 5 0 -tgttagactccttggtccgtgt-3 0 or various flanking primers for more inclusive fragments (Park & Ó Foighil, 2000) . All outgroup and some ingroup sequences have been published previously (Graf & Ó Foighil, 2000a,b; Whelan et al., 2011) but were obtained using the same protocol. Ribosomal 28S sequences were aligned using CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) and refined manually in Mesquite v. 2.75 (Maddison & Maddison, 2011) . Protein-coding COI was translated into amino acids with Mesquite and nucleotides were aligned manually by codon position.
Phylogenetic analyses
Both character sets (28S and COI) were analysed separately and in combination under maximum parsimony (MP) and maximum likelihood (ML). The combined dataset was also analysed using Bayesian inference (BI). A partition homogeneity (¼incongruence length difference; ILD) test (Farris et al., 1995) was implemented using PAUP* v. 4b10 (Swofford, 2002) to verify the phylogenetic congruence of the two partitions.
MP analyses were performed in PAUP* (Swofford, 2002), first as heuristic searches of 100 replications using random sequence addition and followed by a second round of swapping on the resultant trees to overcome a known bug in PAUP* (in which suboptimal topologies are retained during random sequence addition). Clade support was assessed using 2000 'fast step' nonparametric bootstrap replications on both partitions separately and in combination.
Two different character partitioning schemes were employed for ML and BI analyses: two partitions (¼ 28S þ COI) and four partitions (28S þ 3 COI codon positions). Substitution models for each partition were determined using jModelTest v. 2.1.1 (Darriba et al., 2012) under the AIC criterion. However, the phylogenetic software utilized limited actual model implementation. ML analyses were performed using RAxML v. 7.0.3 under the GTR þ G substitution model, as recommended by the manual (Stamatakis, 2006) . For combined analyses (two and four partitions), the ML tree was estimated from 100 separate inferences each, and nonparametric bootstrap analyses of clade support were based on 2,000 standard (i.e. not rapid) replicates. For individual partitions (28S or COI) or partition sets (three COI codon positions), the ML topology was explored using 2,000 rapid bootstrap replicates. BI analyses of the combined partitions were run using MrBayes v. 3.2.1 (Ronquist et al., 2012) on the TeraGrid (four runs, four chains each, 24 Â 10 6 generations) via the Cipres Portal (http://www.phylo.org/ sub_sections/portal/). Substitution models employed were the top models available in MrBayes for each partition-28S: GTR þ G, COI: HKY þ I þ G, COI codon position 1: GTR þ G, COI codon 2: F81 and COI codon 3: GTR þ G. Trees were sampled every 1,000 generations, and the first 8,000 were discarded as burn-in. Preliminary analyses using default branch length priors resulted in excessively long average tree lengths and poor convergence of model parameters (not shown). For BI analyses presented here, the prior probability distribution of branch lengths was set to account for the large number of short branches (brlenspr ¼ Unconstrained:Exponential(100)) (Brown et al., 2010) . Sufficient mixing of the chains was monitored using the average of the standard deviations of the splits frequencies (,0.01) and stationarity was verified using TRACER v. 1.5 (Rambaut & Drummond, 2009 ).
Comparison of alternative topologies
Topological differences among the MP, ML and BI results were analysed following the methods of Whelan et al. (2011) to identify conflicting clade support among data partitions and methods of analysis. The results of bootstrap resampling and Bayesian MCMC analyses were compared to discover bipartitions with high support (MP/ML bootstrap ! 70%; BI posterior probability ! 95%) that had low support in the preferred topology. Thus, only conflicting topologies that were well supported (rather than merely resolved) were considered.
Shimodaira-Hasegawa (S-H) tests (Shimodaira & Hasegawa, 1999) , Bayes Factor analyses and parametric bootstrap analyses (Monte Carlo simulation) were performed in order to compare statistically optimal topologies against three different constraint topologies: (1) Mweruella monophyletic, (2) Prisodontopsis monophyletic and (3) reciprocal monophyly of both Mweruella and Prisodontopsis. S-H tests were implemented in RAxML (Stamatakis, 2006) and Bayes Factors were calculated and interpreted following the methods of Kass & Raferty (1995) , as modified by Nylander et al. (2004) . Parametric bootstrap analysis was done using (1) the optimal models of DNA substitution from jModelTest (listed above) (Darriba et al., 2012) , (2) PAUP* (Swofford, 2002) to estimate likelihood parameters from the BI 28S þ COI (4 partition) constraint trees, (3) Mesquite (Maddison & Maddison, 2011) to simulate 200 matrices from each constraint topology and (4) both PAUP* and RAxML to analyse the simulated matrices (using the same software and model parameters described above). The test statistic was the difference in parsimony steps or likelihood between the unconstrained and constrained topologies under MP and ML criteria, following the methods of Huelsenbeck & Crandall (1997) . Graf & Cummings (2007) . 
Estimation of node ages
Ages for the nodes of Zambian Congo clades were estimated using BEAST v. 1.75 (Drummond et al., 2012) . Bayesian MCMC estimations of node age posterior distributions were calibrated using the earliest appearance of Nitia in the Late Miocene (7.5 -5.5 Ma) (Van Damme & Pickford, 2010) as a minimum age for the Coelaturini (¼ Nitia þ Coelatura þ Mweruella þ Prisodontopsis). The prior distribution for the time to the most recent common ancestor of this clade was set to an exponential distribution with an offset of 5.5 and a mean of 5 (95% of the prior distribution: 5.627-23.94 Ma, i.e. the Miocene). Two separate runs (24 Â 10 6 MCMC generations each, trees sampled every 1,000 generations, with 8,000 trees discarded as burn-in) were combined, based on the 28S þ COI (4 partitions) dataset, with substitution models for all partitions GTR þ G (identical to RAxML analyses, above) and starting trees from UPGMA. Stationarity of likelihoods and clade age estimates were verified using TRACER (Rambaut & Drummond, 2009 ).
RESULTS
The combined matrix consisted of 1,114 aligned nucleotides (nt) and 35 individuals representing 11 species in 7 genera (a priori). All terminals were represented by both 28S and COI, and only individuals with unique combinations of the two genes were included. 28S sequence lengths ranged from 430 to 441 nt (mean ¼ 440, median ¼ mode ¼ 441), and the aligned length was 456 nt. Gaps (indels) were dispersed in 35 clusters with a modal length of 1. Most 28S sequence length variation was limited to the outgroup taxa, Nitia and Coelatura 'aegyptiaca'. The aligned sequence length of COI was 658 nt (range ¼ 601-658, mean ¼ 650, median ¼ mode ¼ 658), and variation resulted from missing nt at the 5 0 and/or 3 0 ends of eight sequences. All new sequences were deposited in GenBank (http://www.ncbi .nlm.nih.gov/genbank/); accession numbers for all sequences are listed in Table 1 and a NEXUS file of the sequence alignment is available from the authors.
Thirty-three COI haplotypes (ingroup coded as a-dd in Table 1 ) were obtained from the 35 terminals, with two individuals each of Mweruella mweruensis and Prisodontopsis aviculaeformis sharing identical COI sequences. Only 13 distinct 28S haplotypes were generated from the 35 terminals (ingroup coded as A-J in Table 1 ). Haplotype F was found among individuals of Coelatura gabonensis, C. choziensis, C. luapulaensis and M. mweruensis. Both haplotypes H and J occurred among individuals of M. mweruensis and P. aviculaeformis. Each individual is hereafter referred to by its combination of 28S and COI haplotypes (e.g. P. aviculaeformis-Jy).
A partition homogeneity/ILD test found no significant conflict between the 28S and COI partitions ( Table 2 ). The topology derived from the BI Combo (28S þ COI, four partitions) analysis is shown in Figure 3 . All of the various MP, ML and BI analyses were roughly congruent in topology, with only eight clades exhibiting conflicting patterns of support (Table 3) . In all combined analyses of 28S þ COI, Mweruella and Prisodontopsis from Lake Mweru were recovered as a wellsupported clade sister to a (Coelatura choziensis þ C. luapulaensis) clade from Lake Bangweulu and the Chambeshi River, respectively. Mweruella and Prisodontopsis are thus nested within a paraphyletic Coelatura.
Neither M. mweruensis nor P. aviculaeformis was recovered as monophyletic in any unconstrained analysis. Rather, these two species were distributed in two well-supported clades, each dominated by sequences from one species but with a single individual of the other (Fig. 3) . Specifically, P. aviculaeformis-Jaa was recovered in the M. mweruensis clade (clade M), and M. mweruensis-Jx was recovered in the P. aviculaeformis clade (clade P). This result was confirmed with multiple independent rounds of tissue sampling and DNA sequencing. The variable nucleotide positions between M. mweruensis and P. aviculaeformis are shown in Figure 4 . The maximum uncorrected p distance within clade M was 0.61%, and within clade P, 0.65%. The maximum distance within the (Mweruella þ Prisodontopsis) clade was 1.67% and for the clade of all four Zambian Congo species, 2.95%. Representative specimens recovered in each clade for both species are shown in Figure 1 . Constraining the monophyly of M. mweruensis sequences, P. aviculaeformis sequences, or both yielded topologies that by all criteria were significantly worse than the optimal topologies (Table 4) .
Estimated node ages for Zambian Congo clades are presented in Table 5 . Median clade divergence times spanned the range from 0.156 to 0.686 Ma, the Middle Pleistocene (Gibbard & van Kolfschoten, 2005; Gibbard, Head & Walker, 2010) . The resultant phylogram from the BI analysis of combined 28S + COI with four partitions is shown in Fig. 3 . Data for individual character partitions on the set of MP trees from the combined analyses are also provided. Arithmetic mean values of tree length and -ln L for BI analyses.
DISCUSSION
The results of our phylogenetic analyses do not support the traditional classifications of Mweruella and Prisodontopsis. Indeed, the topology in Figure 3 indicates that the genus-level classification of the Afrotropical Unionidae (Coelaturini) is in need of revision. However, the scope of our sampling, emphasizing the Table 1 . The M and P clades are discussed in the text, and representative specimens are depicted in Figure 1 . Numbered clades are those with high support that are not supported in the phylogeny shown in Figure 3 (BI, 28S + COI with four partitions; clade posterior probability % underlined). ML and MP bootstrap ≥70% shown in bold. There are no conflicting support values between BI analyses.
Zambian Congo unionids from the Bangweulu-Mweru freshwater ecoregion, limits the extent to which we can address the problem of the Coelaturini generally. Nevertheless, our discussion of the taxonomy of Lake Mweru taxa by necessity touches on the general classification of African freshwater mussels. We will conclude with a hypothesis for the origin of the Zambian Congo Unionidae.
Phylogenetic relationships of Mweruella and Prisodontopsis
We found no support for M. mweruensis and P. aviculaeformis as monotypic lineages above the species level (Pain & Woodward, 1968; Starobogatov, 1970; Daget, 1998) . Instead, M. mweruensis and P. aviculaeformis were sister to each other and that clade was found to be sister to a clade composed of Coelatura choziensis and C. luapulaensis (Fig. 3) . The monophyly of these four species endemic to Lake Mweru and the Bangweulu-Chambeshi Basin in the Zambian Congo is a novel result. Coelatura kipopoensis Mandahl-Barth, 1968 also occurs in the Bangweulu-Mweru freshwater ecoregion (Graf & Cummings, 2011 ), but we have never collected it and it was not included in our analyses. The Zambian Congo clade was resolved (but weakly supported) in a sister relationship with Coelatura kunenensis from the Zambezi (Fig. 3) . The (Zambian Congo þ C. kunenensis) clade (conflict clade 1 in Table 3 ) was well supported by COI (bootstrap ! 70%), but the 28S characters were unable to resolve convincingly the position of Coelatura gabonensis (Lower Congo) and C. kunenensis relative to the Zambian Congo clade (¼ (M. mweruensis þ P. aviculaeformis), (C. choziensis þ C. luapulaensis)) (cladograms derived from individual character partitions not shown).
We were unable to resolve the monophyly of any of the four Zambian Congo species, including M. mweruensis and P. aviculaeformis (Fig. 3) . The problem of the lack of resolution between C. choziensis and C. luapulaensis is beyond the scope of the present study, but we are unconcerned that analyses designed to resolve the intergeneric relationships of Mweruella, Prisodontopsis and other Afrotropical unionids do not necessarily distinguish all species-level taxa. However, whereas the non-monophyly of C. (Fig. 3) . Individuals are referred to by their 28S and COI haplotype codes (Table 1) . *Statistical rejection of the null hypothesis that the difference between constraint and optimal topologies is due to homoplasy (i.e. that the optimal topology is not a significantly better explanation of the data). clade P (Fig. 3) 0.1692 0.1872 0.0562 0.3639 *5.5 Ma was set as the lower bound for the Coelaturini. This was the value used to calibrate node ages.
choziensis and C. luapulaensis are the result of soft polytomies, the non-monophyly of M. mweruensis and P. aviculaeformis are both well supported. The majority of individuals sampled from each species were recovered in clades dominated by conspecific mussels. However, P. aviculaeformis-Jaa (Fig. 1F) was nested within the putative Mweruella clade (clade M, Fig. 3 ) and M. mweruensis-Jx (Fig. 1C) was nested in the putative Prisodontopsis clade (clade P). Two unambiguous synapomorphies (COI nt 316 and nt 589) diagnosed clade P, and three unambiguous synapomorphies (COI nt 214, nt 337 and nt 340) and one homoplastic synapomorphy (COI nt 649) diagnosed clade M (Fig. 4) . Constraining these two clades to contain only individuals of the same species resulted in topologies that were significantly worse than the optima under all criteria (Table 4) , rejecting the hypothesis that the true topology is composed of two speciesspecific gene-clades and that the topology in Figure 3 was merely the result of homoplasy. Phylogenetic analyses of genetic variation across species boundaries in freshwater mussels (and other organisms generally) have revealed incongruences between gene trees and species taxonomy (e.g. Burdick & White, 2007; Doucet-Beaupre´et al., 2012) . General explanations for this phenomenon fall into two categories: biology and error. Our protocol of multiple independent DNA extractions and sequencing efforts as well as distinctive morphological autapomorphies among voucher specimens ( Fig. 1) makes human error unlikely. Although we only sampled a single 658-nt fragment of the mitochondrial genome (as well as 456 nt from the slower evolving nuclear ribosomal DNA), our constraint analyses (Table 4) found no support for homoplasy and sampling error as an explanation. Granted, only six nt characters of COI supported the Mweruella þ Prisodontopsis topology in Figure 3 and all of them are synonymous third position transitions. However, our parametric bootstrapping based on Monte Carlo simulations produced no topologies that even approached the magnitude of difference observed between our optimal and constraint topologies (Table 4) . Furthermore, standard MP and ML nonparametric bootstraps and BI posterior probabilities generally found good support for these clades, although ML bootstrap values for clade M are ,70% (Fig. 3) . All of the available data suggest that the genealogy among the mitochondrial haplotypes conflicts with the species identifications of M. mweruensis and P. aviculaeformis.
We can only provide post hoc biological speculations for the patterns recovered in the (Mweruella þ Prisodontopsis) clade (Fig. 3) . Given the shallow divergence within Lake Mweru (Table 5 , see below), either (1) introgression due to hybridization between M. mweruensis and P. aviculaeformis or (2) incomplete lineage sorting since their speciation are both reasonable explanations (Avise, 2000) . Among P. aviculaeformis COI haplotypes, uncorrected p distances range from 0 to 1.52%. For M. mweruensis, the range is 0-1.37%. Within the (Mweruella þ Prisodontopsis) clade, the maximum distance is 1.67%. Despite the morphological differences between M. mweruensis and P. aviculaeformis, based on the 'DNA barcoding' cut-off of 2% COI sequence divergence, these two sympatric populations would not be regarded as different species (Hebert, Ratnasingham & deWaard, 2003) . Similar levels of divergence have been observed among gastropod species in the region (Sengupta et al., 2009 ).
While we have no confidence that M. mweruensis and P. aviculaeformis represent polymorphisms within a single species-i.e. a metapopulation lineage in the sense of de Quieroz (2007) , it is impractical and uninformative to maintain a classification with monotypic sister genera. Prisodontopsis Tomlin, 1928 has priority over Mweruella Haas, 1936 , and we recommend revising the taxonomy by circumscribing the latter genus-group nomen as a subjective junior synonym of the former. Thus, the two unionids of Lake Mweru would be referred to as P. aviculaeformis F.R. Woodward, 1991 and P. mweruensis (E.A. Smith, 1908) .
Unfortunately, revising the genera of the Afrotropical Unionidae opens Pandora's Box with regard to the paraphyletic dustbin genus Coelatura Conrad, 1853. There are 13 available genus-group level nomina associated with the species of Coelatura (Table 6 ). Our taxon sampling only covers a subset of the various type species, and no previous names are available for C. kunenensis, C. choziensis or C. luapulaensis. Without describing new genera based on incomplete sampling and strictly molecular diagnoses, we conservatively advocate maintaining the constituent species in Coelatura, despite the paraphyly of this group, until a more comprehensive phylogeny is available.
Origin of the Zambian Congo Unionidae
Our analysis of Zambian Congo freshwater mussels (Fig. 3) is the most comprehensive molecular phylogenetic reconstruction of Afrotropical unionid species (Parreysiinae: Coelaturini) to-date. Previous studies have included only one (Bogan & Hoeh 2000; Pfeiffer & Graf, 2013) , two (Graf & Cummings, 2006b) or five (Whelan et al., 2011) Afrotropical species, including Unio caffer Krauss, 1848 which belongs to the otherwise Palearctic Unioninae: Unionini. Evolutionary scenarios for the Coelaturini have by necessity relied largely on the distributions of morphospecies in the fossil record of the Rift Valley (Van Damme & Pickford, 2010; Van Bocxlaer, 2011) . While our taxon sampling is too sparse to draw broad conclusions about the wider African freshwater mussel assemblage, our results provide insight into the origins of the unionid species of Lake Mweru-an area outside the Rift Valley, with a sparse fossil record.
Previous discussions of the evolution and biogeography of the Unionidae of the Zambian Congo relied on shell-based speculation (Pilsbry & Bequaert, 1927; Mandahl-Barth, 1988) . Our phylogenetic results allow for a more rigorous assessment of the observed patterns, as do applicable vicariant species-level phylogenies now available for gastropods (Sengupta et al., 2009 ) and fishes in the region Katongo et al., 2007) . Indeed the distributions and relationships of the fishes have been integral for unravelling the complex geological history of interbasin connections among the Upper Congo, the Zambian Congo and the Zambezi river systems (Skelton, 1994; Le´veˆque, 1997) . We hypothesize that (1) Prisodontopsis (þMweruella) species diverged in Lake Mweru during the Quaternary (i.e. within the last 1 Myr) and (2) the Unionidae of the Zambian Congo are descendants of an earlier mussel assemblage from the Zambezi Basin. These hypotheses are based on the phylogenetic topology (Fig. 3) , the estimated ages of the Zambian Congo clades (Table 5 ) and the biogeography of the region.
The Zambian Congo-as currently configured with the Chambeshi River flowing to the swamps associated with Lake Bangweulu, then to the Luapula River and Lake Mweru, and on to the Upper Congo River (Fig. 2) -is Quaternary in origin. Before the Pleistocene, the Chambeshi was a tributary of the Zambezi River. The evidence for the chronology of this change comes from the geography of the basins and biogeography of the aquatic communities (Moore & Larkin, 2001 ). The perpendicular deflection of the Chambeshi-Luapula from southwest to northwest is a 'capture elbow', marking the piracy of the Chambeshi from a tributary of the Kafue River (Zambezi Basin) to the headwaters of the Congo Basin (Fig. 2) . Past confluence between the Chambeshi and Zambezi rivers is corroborated by disjunctions within several fish taxa (Skelton, 1994) . Recent molecular phylogenies of haplochromine cichlids (Actinopterygii: Cichlidae) suggested that some fishes diversified in the Zambezi basin during the Pleistocene and that multiple lineages were captured into the Zambian Congo sometime after 1 Ma (Katongo et al., 2007) . This timing is based on the estimated ages of the cichlid clades and the hypothesized origin of UNIONIDAE FROM CONGO BASIN Palaeo-Lake Makgadikgadi, a putative centre of diversification for these fishes (Moore & Larkin, 2001; Joyce et al., 2005) . The freshwater mussels of the Zambian Congo were recovered as sister to C. kunenensis of the Zambezi, consistent with this scenario (Fig. 3) . It is expected that fish and mussel distribution patterns would be congruent given that the major dispersal phase of unionids occurs while their larvae are encysted as parasites on freshwater fishes Graf, 2013) .
The most recent common ancestor of the Zambian Congo freshwater mussel clade lived about 685,500 BP (Table 5) and subsequent speciation resulted in minor radiations in Lake Mweru (P. aviculaeformis þ P. mweruensis) and in the Bangweulu-Chambeshi catchment (C. choziensis þ C. luapulaensis). The Luapula River has two falls (Mambilima and Mambatuta, Fig. 2 ) that serve as barriers to upstream dispersal for fishes (and thus mussels). We hypothesize that the common ancestor of the Zambian Congo clade (and that of its host fishes) existed in the Chambeshi River when that stream was a tributary of the Zambezi and after it was captured into the Congo Basin. The age of this clade corresponds well with the hypothesized timing of the Chambeshi capture event (Moore & Larkin, 2001) . Postcapture downstream dispersal of Chambeshi unionids (via their fish hosts) resulted in allopatric isolation and subsequent diversification in Lake Mweru (below the falls) and Bangweulu-Chambeshi (above).
Based on our molecular clock estimates, speciation between Prisodontopsis aviculaeformis and P. mweruensis began before 350,000 BP (Table 5) and that process may be ongoing, as evidenced by the incongruence between the gene-tree and species identifications (Fig. 3 , clades M and P). Based on the greater than expected number of molluscan endemics in Lake Mweru, Williamson (1978) hypothesized that, in the recent geological past, the lake was significantly larger than today. He argued that the larger lake provided more varied niches for freshwater molluscan radiation, as in the adjacent Rift Valley lakes. Diversification of freshwater mussels in Lake Mweru may have been driven by changes in larval host species (Graf, 1997) , although nothing is known of the host species for either P. aviculaeformis or P. mweruensis.
Our hypothesis for the temporal and spatial scope of freshwater mussel diversification in Lake Mweru could be tested with further taxon sampling from the adjacent Congo and Zambezi basins. Specifically, the phylogenetic positions of C. kipopoensis from the Upper Congo and C. mossambicensis (von Martens, 1860) from the Zambezi need to be tested against the monophyly of the Zambian Congo and the (Zambian Congo þ C. kunenensis) clades. In addition, two monotypic genera from nearby Lake Tanganyika, Brazzaea Bourguignat, 1885 and Pseudospatha Simpson (1900) , have unknown phylogenetic relationships with the freshwater mussels of the Zambian Congo and the Coelaturini generally. Sengupta et al. (2009) recovered Neothauma Smith, 1880 from Tanganyika as sister to Zambian Congo Bellamya Jousseaume, 1886 (Gastropoda: Vivparidae) and Salzburger et al. (2005) identified Tanganyika endemics as relicts of the ancestral haplochromine lineages (Cichlidae). Unravelling the complex evolutionary histories of the freshwater mussels of the Zambian Congo will provide insights into the origin and maintenance of Afrotropical aquatic biodiversity generally.
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